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>The  range  of  a radar  is  a function  of  average 
transmitter  power  and  is  independent  of  the  modu- 
lation waveform.  It  does  not  matter  whether  the 
transmitter  operates  in  a pulsed  or  CW  mode.  In 
many  applications,  an  average  power  of  only  a few 
watts  is  adequate.  In  these  cases,  CW  operation 
can  have  a number  of  advantages.  Solid  state  pow- 
er sources  can  readily  be  utilized  and  a sinqle  RF 
source  can  serve  as  both  transmitter  and  local  os- 
cillator. Another  advantage  is  waveform  flexibil- 
ity. In  a CW  radar  the  waveform  can  be  designed 
to  perform  a variety  of  functions,  e.g.,  detect 
fixed  and  movino  targets,  determine  sense  of  rad- 
ial velocity  and  communicate  with  a tarqet  over  a 
fade- free  channel. 

This  oaner  describes  waveforms  and  design 
techniaues  that  can  be  used  to  achieve  the  above 
mentioned  functions  with  a CW  radar,  l 


conventional  sensitivity  time  control  in  the  re- 
ceiver, strong  signals  from  nearby  targets  will 
mask  weak  returns  from  distant  targets.  Also,  it 
is  not  possible  to  determine  the  ranqe  of  tarqets. 
Finally,  fixed  taraet  detection  is  impractical, 
since  hiqhly  stable  dc  amplifiers  would  be  re- 
quired. 

In  the  next  several  sections  we  will  show  how 
the  above  limitations  can  be  overcome  by  frequency 
and  phase  modulation  of  the  transmitter.  First 
we  will  discuss  solution  of  problem  of  masking  by 
nearby  targets . 


SIMPLE  CW  RADAR 


A simple  CW  radar  utilizing  a common  antenna 
for  transmit  and  receive  is  shown  in  Figure  1. 

(For  simplicity,  in  Figure  1 and  all  subsequent 
block  diagrams,  no  amplifiers  are  shown.)  The  RF 
GENERATOR  and  RF  DEMODULATOR  are  coupled  to  the  RF 
ANTENNA  by  means  cf  an  RF  CIRCULATOR.  Local  oscil- 
lator power  for  the  RF  DEMODULATOR  is  obtained  by 
leakage  through  the  RF  CIRCULATOR  or  directly  from 
the  RF  GENERATOR.  The  useful  output  of  the  RF 
DEMuuULATOR  will  be  doppler  frequency  siqnals  from 
moving  targets  within  the  radar  beam. 

A radar  as  shown  in  Fiqure  1 is  not  practical 
for  most  applications.  Transmitter  and  mixer  diode 
noise  close  to  the  RF  carrier  will  fall  within  the 
doppler  frequency  band,  resulting  in  poor  receiver 
sensitivity.  Since  it  is  not  possible  to  employ 


FIG.  I « SIMPLE  C*  RADAR 


SINE  WAVE  FM 


Tarqet  output  signal  strenqth  can  be  made  al- 
most independent  of  range  (over  certain  limits) 
by  frequency  modulating  the  transmitter  with  a 
sine  wave  and  processing  received  siqnals,  as 
shown  in  Piaure  2a.  Aqain,  the  DF  GENERATOR  is 
coupled  to  the  RF  ANTENNA  via  the  RF  CIRCULATOR. 
Some  of  the  transmitted  signal  leaks  through  the 
RF  CIRCULATOR  into  the  RF  DEMODULATOR  and  provides 
a reference  for  the  detection  of  returned  echoes. 
The  output  of  the  RF  DEMODULATOR  is  given  by  (Refs. 
1.2). 
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Ej  « In-phase  component  of  demodulated  RF 
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Two  factors  contribute  to  the  signal  compres- 
sion. First,  for  small  arguments  the  first  order 
Bessel  function  is  very  nearly  proportional  to  t, 
thereby  giving  a 6 dB  reduction  in  signal  each  time 
the  range  is  halved.  Another  6 dB  reduction  is  ob- 
tained from  the  sin(»  t / T ) term.  This  term  comes 
about  through  the  chanqe  in  phase  of  the  IF  signal 
with  range. 


The  IF  BANDPASS  is  tuned  to  fm,  thus  elimina- 
ting much  of  the  low  frequency  system  noise. 

It  can  be  shown  (Ref.  1)  that  the  output  of 
the  IF  DEMODULATOR  is  given  by 
2 

Ed  =/*-[(!)  sin(n  y-)  J,(— s i n ( it  y))l 

sin(2  v fQ  t)  (7) 

The  term  in  brackets  represents  the  variation 
of  target  signal  output  as  a function  of  delay 
time.  A plot  of  the  square  (proportional  to  power) 
of  this  function  vs  t / T is  shown  in  Figure  2b 
for  the  case  where  2 Af  / fm  is  equal  to  1.8. 

The  minimum  processing  loss  (about  2 dB)  occurs 
when  t / T is  0.5.  A design  criterion  is  then 
that  the  maximum  target  delay  time  be  equal  to 
>s  T . The  signal  output  varies  by  about  10  dB  as 
the  target  moves  from  maximum  to  zero  ranqe.  Also 
shown  in  Figure  2b  is  the  input  signal  strength, 
which  decreases  at  the  rate  of  12  dB  per  octave  of 
ranqe. 
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RANGE  RESOLUTION 

In  order  to  obtain  range  resolution  In  a CW 
radar,  it  is  necessary  to  modulate  the  transmission. 
A suitable  modulation  waveform  Is  a maximum  length 
binary  pseudo-random  code  (Refs.  3,4).  A seven- 
element  code  is  shown  in  Figure  3.  Since  the 
pseudo-random  code  is  quantized  in  both  amplitude 
and  time,  it  can  be  conveniently  generated  by  a 
shift  register  with  feedback.  The  feedback  is  ac- 
complished through  binary  multiplication  of  the  out- 
puts from  two  of  the  shift  register  stages,  using 
the  product  as  the  input  to  the  first  stage.  The 
operation  of  a multiplier  is  such  that  its  output 
is  positive  if  the  Inputs  are  of  like  polarity,  and 
negative  if  the  inputs  are  of  opposite  polarity. 

The  code  length  N is  2n-1  elements,  where  n is 
the  number  of  stages  in  the  shift  register. 

A three-stage  shift  register  with  feedback 
from  the  second  and  third  stage  is  shown  in  Figure 
3e.  With  every  clock  pulse  the  information  in  each 
stage  of  the  SHIFT  REGISTER  is  transferred  to  the 
following  stage.  If  an  output  is  taken  from  one 
stage,  a code  will  be  generated  which  repeats  every 
seven  clock  pulses. 

From  Figure  3e,  it  is  evident  that  the  output 
from  the  second  stage  of  the  SHIFT  REGISTER  is  de- 
layed by  one  clock  period  (time  between  successive 
clock  pulses)  from  the  output  of  the  first  stage. 
Hence,  any  desired  amount  of  delay  can  be  obtained 
by  cascading  additional  stages.  A delay  can  also 
be  obtained  by  using  a second  shift  register  and 
delaying  its  clock  pulses  with  respect  to  those  of 
the  first. 

The  code  has  three  Interesting  features.  If 
we  represent  the  code  waveform  by  u(t),  then  when 
tp  T2<  and  13  are  multiples  of  a clock  period, 

u(t)  • u(t)  * 1 (8) 

U ( t - ) U(t  - T 2 ) * U(t  - T-j)  (9) 

J(t)=i  Oo) 

Equation  8 says  that  a code  multiplied  by  Itself 
yields  a constant  value  of  unity,  while  Equation  9 
says  that  the  product  of  two  shifted  codes  is  aqain 
a code,  but  with  a new  shift.  Equation  10  says 
that  the  mean  value  of  the  code  is  1/N.  These 
three  features  give  rise  to  an  autocorrelation  func- 
tion, as  indicated  in  Figure  3d,  with  a sidelobe 
level  of  1/N.  For  example,  if  N is  1023  the  theo- 
retical peak  to  sidelobe  ratio  is  over  60  dB.  In 
practice,  it  is  difficult  to  meet  the  component 
tolerances  required  to  obtain  more  than  50  dB. 

In  some  applications  a side  lobe  level  of  50 
dB  is  not  adequate.  A technique  for  increasing  the 
rejection  of  off-range  targets  is  discussed  in  the 
following  section.  This  technique  is  applicable 
when  the  highest  doppler  frequency  is  less  than  one 
tenth  of  the  code  repetition  frequency. 

COMBINATION  OF  PSEUDO-RANDOM  CODE  MODULATION  AND 


sine  wave  frequency  modulated.  The  output  of  the 
RF  GENERATOR  is  applied  to  the  RF  MODULATOR,  where 
it  is  balanced  modulated  by  the  CODE  GENERATOR. 

The  RF  MODULATOR  changes  the  phase  of  the  trans- 
mitted signal  by  180°  each  time  the  code  changes 
state.  The  RF  MODULATOR  is  coupled  to  the  RF 
ANTENNA  via  the  RF  CIRCULATOR.  Again,  transmitter 
leakage  through  the  RF  CIRCULATOR  into  the  RF 
DEMODULATOR  is  the  product  of  transmitted  code 
times  the  returned  code  modulated  by  an  FM  waveform. 
The  modulation  Impacted  by  the  mixing  of  the  trans- 
mitted and  received  signals  in  the  RF  DEMODULATOR 
is  accounted  for  by  multiplying  the  delayed  code  by 
the  transmitted  code  In  the  CODE  MULTIPLIER  of  Fig- 
ure 4a.  The  output  of  the  C00E  MULTIPLIER  is  ap- 
plied to  the  CODE  DEMODULATOR.  If  the  CODE  DELAY 
is  t‘,  the  output  of  the  CODE  DEMODULATOR  is  then 

Es ( t)  - (E,  - Eq)  u(t  - t)  u(t  - t 1 ) (11) 

Since  the  IF  BANDPASS  will  pass  only  frequen- 
cies close  to  fm,  it  is  necessary  to  examine  the 
spectrum  of  Es(t).  The  spectrum  of  Es(t)  is  the 
convolution  of  the  code  spectrum  with  harmonics  of 
fm.  In  order  to  maintain  the  1/N  peak-to-sidelobe 


a.  BLOCK  DIACRAM 


The  sine  wave  FM  can  be  combined  with  the 
pseudo-random  code  modulation  If  certain  precau- 
tions are  taken.  A block  diagram  of  the  combined 
system  is  shown  in  Figure  4a.  The  RF  GENERATOR  is 


b.  CODE  ( ) AND  SINEVAVE  ( ) MODULATION 

SPECTRUM 

FIC.4‘  Cl  RADAR  WITH  RANGE  RESOLUTION 
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as  the  target  doppler  frequency  Is  below  100  cps, 
the  speech  Intelligibility  will  not  be  appreciably 
affected. 

If  "a"  and  "b"  are  not  equal,  then  the  signal 
amplitude  will  change  with  target  range,  but  will 
never  be  less  than  the  smaller  of  "a"  or  "b". 

CONCLUSIONS 

The  techniques  we  have  discussed  illustrate 
the  waveform  design  flexibility  available  in  a CW 
radar.  The  application  and  extrapolation  of  these 
techniques  can  improve  the  performance  of  many 
types  of  radars;  e.g.,  surveillance,  collision 
avoidance,  marine,  intrusion  detection  and  police. 
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ratio  of  the  pseudo-random  code.  It  Is  necessary 
that  the  fm  component  In  the  spectrum  of  Es( t) 
arise  only  from  the  product  of  the  Jj  term  of  Eq 
and  the  dc  component  of  the  code  spectrum.  As  can 
be  seen  from  Figure  3b,  If  harmonics  of  the  code 
repetition  frequency  give  rise  to  an  fm  component 
In  Es(t),  the  sldelobe  level  of  the  autocorrelation 
function  will  be  down  only  by  approximately  1 / >/fi 
Instead  of  1 / N. 

The  above  mentioned  requirement  on  the  spec- 
trum of  Es(t)  can  be  satisfied  by  taklnq  advantage 
of  the  rapid  decrease  In  amplitude  of  the  higher 
order  Bessel  functions.  For  all  practical  purposes 
the  spectrum  due  to  the  frequency  modulation  (the 
spectrum  of  Ej  - Eq)  is  finite.  If  we  keep  my  be- 
low 1.5,  then  we  need  consider  only  frequencies  up 
to  3 f,,,. 


FIG.  5 • SINGLE  SIDE  BAND  PROCESSOR 


The  voltage  ratio  of  the  desired  to  undesired 
signals  is  given  by  the  following  expression: 

Rl3  * Ji  (">f)  / J3(mf))  (12) 

If  mf  Is  limited  to  1.5  at  maximum  range,  then 
Rj3  will  be  at  least  35  dB  even  when  the  code 
length  Is  as  short  as  63.  As  the  tarqet  ranqe  de- 
creases mf  will  decrease  and  the  J3  component  will 
drop  off  rapidly.  The  drop  off  will  be  more  rapid 
than  the  Increase  In  returned  power,  due  to  de- 
creasing ranqe.  Thus  the  rejection  ratio  of  off- 
range  targets  will  be  at  least  35  dB  at  all  ranges. 
A 9 kHz  signal  can  also  arise  from  the  5th  harmonic 
(45  kHz)  of  fm,  however.  Its  amplitude  will  be 
negligible. 

The  cholse  of  9 kHz  and  12  kHz  limits  the 
available  doppler  band  to  about  1000  cps.  The 
limitation  on  the  doppler  band  is  due  to  the  fact 
that  close-in  targets  will  produce  strong  code 
lines  In  the  output  of  the  CODE  DEMODULATOR.  If 
target  has  a doppler  frequency  of  1000  cps,  the 
code  will  have  a component  of  11  kHz.  For  a 63 
element  code,  this  component  will  be  down  by  only 
18  dB  from  the  entire  signal.  When  the  11  kHz 
component  mixes  with  the  9 kHz  reference  In  the  IF 
DEMODULATOR,  the  beat  frequency  will  be  2 kHz.  To 
maintain  an  80  dB  peak  to  sldelobe  ratio,  the  2 kHz 
component  must  be  attenuated  62  dB  by  the  DOPPLER 
BANDPASS.  If  the  cut-off  frequency  of  DOPPLER 
BANDPASS  is  1000  Hz,  the  required  attenuation  can 
be  obtained  with  a small  filter.  If  desired,  some 
of  the  attenuation  of  the  11  kHz  signal  can  be 
effected  in  the  IF  BANDPASS. 

In  order  to  avoid  any  spurious  signals,  It  is 
essential  that  all  beat  frequencies  between  oscil- 
lators In  the  system  be  a multiple  of  3 kHz.  For 
example,  the  power  supply  and  the  oscilloscope 
sweeps  should  operate  on  harmonics  of  3 kHz.  To 
lock  fm  and  fc,  they  should  be  generated  from  the 
same  oscillator. 

FIXED  TARGET  DETECTION 

In  order  for  fixed  targets  to  be  detected  by 
the  radar  of  Figure  4 they  must  be  modulated  by  a 
freouency  which  falls  within  the  doppler  oassband. 
Fixed  targets  can  be  modulated  by  freouency  modu- 
lating the  RF  GENERATOR  with  a second  sine  wave. 

If  the  frequency  of  this  sine  wave  is  ff  and  the 
peak  transmitter  frequency  deviation  Is  ifp  , It 
can  be  shown  that  the  output  of  the  CODE  DEMODULA- 
TOR, Es(t),  will  be  modified  such  that 


is  replaced  by 


The  procedure  for  the  selection  of  fm  and  the 
code  repetition  frequency,  fc.  Is  best  illustrated 
by  an  example.  Consider  the  case  of  a radar  which 
Is  required  to  detect  targets  out  to  a range  of  10 
km.  A suitable  fc  is  12  kHz.  If  fm  is  9 kHz,  then 
an  undesired  9 kHz  signal  can  arise  from  a beat  be- 
tween the  3rd  harmonic  of  fc  (36  kHz)  and  the  3rd 
harmonic  of  fm  (27  kHz).  The  relationship  of  the 
various  frequencies  Is  shown  in  Figure  4b. 


* fo 
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^ - s1n(v  fp  t)  s1n(2  « fp 
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(13) 


195 


EEE  INTERNATIONAL  RADAR  CONFERENCE 


The  above  expression  represents  an  FM  waveform  with 
approximately  equal  spectral  components,  out  to 
2 x afF  t fp.  For  example.  If  the  doppler  frequen- 
cy passband  of  interest  Is  between  30  and  1000  Hz 
and  the  maximim  range  is  10  km,  a suitable  set  of 
parameters  if  fp  * 30  Hz,  afp  • 75  kHz.  Then  the 
highest  frequency  in  the  FM  waveform  will  be  900  Hz. 
Thus,  fixed  targets  will  be  modulated  at  frequencies 
between  30  and  900  Hz  and  will  pass  through  the 
doppler  filters. 

SENSE  OF  RADIAL  VELOCI TY 


In  many  operational  situations  it  is  useful  to 
know  if  the  target  is  approaching  or  receding.  The 
well  known  doppler  principle  states  that  the  fre- 
quency of  the  reflected  signal  is  higher  than  the 
transmitted  signal  when  the  target  is  approaching 
and  lower  when  it  is  receding.  In  order  to  distin- 
guish approachinq  from  receding  targets,  it  is 
necessary  to  have  a radar  receiver  which  can  tell 
whether  the  frequency  of  the  reflected  signal  has 
increased  or  decreased. 

Sense  of  radial  velocity  can  be  determined  by 
processing  quadrature  components  of  the  RF  signal. 

As  shown  by  the  equation  for  the  output  of  the  RF 
DEMODULATOR,  Es(t),  quadrature  components  of  the  RF 
signal,  cos(2  x f0  t)  and  s i n ( 2 x f0  t),  are 
available.  The  sine  component  appears  at  the  out- 
put of  the  IF  DEMODULATOR  (Figure  4a).  The  cosine 
component  can  be  obtained  by  processing  the  second 
harmonic  of  the  FM  waveform,  i.e.,  the  J2  component. 
The  second  harmonic  is  processed  in  essentially  the 
same  manner  as  the  first  harmonic  (see  Figure  5). 

The  only  difference  besides  using  a bandpass  cen- 
tered at  2 fm  is  the  setting  of  the  IF  Phase  Shif- 
ter. For  small  arguments,  the  second  order  Bessel 
function  decreases  by  12  dB  each  time  the  argument 
is  halved.  Thus,  the  amplitude  of  the  J2  component 
of  the  returned  signal  will  be  nearly  constant  with 
range.  The  phase  of  the  J2  component  varies  by 
18Q°  as  the  target  delay  changes  from  zero  to  bT. 

It  is  then  necessary  to  couple  the  IF  PHASE  SHIFTER 
to  the  range  delay  control  in  order  to  maximize  the 
signal . 

A block  diagram  of  the  sense-of-radlal-velocity 
system  is  given  in  Figure  5.  The  components  in 
Figure  5 replace  those  within  the  dotted  lines  of 
Figure  4a.  The  dependence  of  meter  deflection  upon 
target  direction  can  be  demonstrated  by  the  follow- 
ing analysis: 

Let  the  output  of  the  IF  channel  be  represented 
by 


where  f<j  is  the  target  doppler  frequency  and  * is 
a constant  phase  angle.  No  generality  is  lost  by 
dopping  out  * in  both  terms.  Then: 


E,  « K1  sin(2  x fd  t)  (18) 

E^  * <2  cos(2  * ^ t)  (19) 


f,j  will  be  positive  if  the  target  is  recedi nq  and 
neqative  if  the  tarqet  is  approachinq. 

As  shown  in  Figure  5,  each  signal  is  passed 
through  a low  frequency  phase  shifter.  The  design 
of  the  phase  shifters  is  such  that,  over  the  band 
of  frequencies  of  interest,  the  differential  phase 
shift  between  the  channels  will  be  90°.  The  out- 
puts of  the  phase  shifters  will  be: 


E,  * + K1  cos (2  x fd  t)  (20) 

E2  - K2  cos (2  x fd  t)  (21) 

After  E-|  and  E2  are  multiplied  toqether,  the  DC 
component  is 

EDC*±'’K1K2  <22> 


COMMUNICATION  LINK 


It  may  be  operationally  advantageous  for  the 
radar  to  communicate  with  the  target.  If  the  tar- 
get has  a crystal  video  detector,  the  radar  opera- 
tor can  contact  him  by  amplitude  modulatinq  the  CW 
transmission  with  voice.  The  simplest  way  for  the 
target  to  communicate  with  the  radar  is  by  voice 
modulation  of  the  echoing  area  of  a passive  reflec- 
tor aimed  at  the  radar.  Simple  amplitude  modula- 
tion is  subject  to  fadinq  unless  special  precau- 
tions are  taken  in  the  radar  receiver.  Lookinq  at 
the  equation  for  the  output  of  the  CODE  DEMODULATOR 
Es(t),  the  AM  signal,  appears  as  a chanqe  in  the 
amplitude  of  /S.  If  the  target  is  at  a range  such 
that  2 i f0  1 is  an  integral  multiple  of  x,  the 
Eg  signal  will  disappear.  The  fadina  can  be 
overcome  by  making  the  receiver  sensitive  to  only 
one  sideband  of  the  AM  signal.  As  shown  bv  the 
followinq  analysis,  a sinqle  side  band  receiver  is 
instrumented  by  addinq  the  components  contained 
with  the  dotted  lines  of  Fioure  5.  Let  the  tarqet 
modulation  sianal,  /)f,  be  represented  bv 
Ev  cos (2  x fv  t).  Then  the  output  of  the  Adder 
circuit  will  be: 

Efl  * a Ey  cos(2  x f t)  cos(2  x f r)  ♦ 


Ej  =*  K1  sin(2  x f t) 


(14)  b Ey  sin(2  x fy  t)  sin(2  x fQ  r)  (23) 


and  the  output  of  the  2 IF  channel  by 

E2  * K2  cos (2  x fQ  t)  (15) 

If  the  target  moves,  t will  vary  as  a function  of 
time.  The  outputs  will  then  be 

E,  * K,  sin(*  ♦ 2 i frf  t)  (16) 

E2  * Kz  cos ( ♦ + 2 x frf  t)  (17) 


The  'a*  and  ' b ' factors  account  for  the  different 
sensitivities  of  the  sine  and  cosine  channels  with 
target  range.  Assuming  that  the  channel  gains  are 
adjusted  so  that  "a"  is  equal  to  "b",  the  ADDER 
output  will  be: 


EA  * a Ey  cos(2  * fy  t - 2 x fQ  t)  (24) 
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It  can  be  seen  that  the  amplitude  of  Ev  is 
independent  of  i.  Changes  in  target  range  show  up 
as  a phase  modulation  of  the  voice  signal.  As  long 
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